The ketone body β-hydroxybutyrate (βOHB) is a convenient carrier of energy from adipocytes to peripheral tissues during fasting or exercise. However, βOHB is more than just a metabolite, having important cellular signaling roles as well. βOHB is an endogenous inhibitor of histone deacetylases (HDACs) and a ligand for at least two cell surface receptors. In addition, the downstream products of βOHB metabolism including acetyl-CoA, succinyl-CoA, and NAD+ (nicotinamide adenine dinucleotide) themselves have signaling activities. These regulatory functions of βOHB serve to link the outside environment to cellular function and gene expression, and have important implications for the pathogenesis and treatment of metabolic diseases including type 2 diabetes. 
CoA production and levels of histone acetylation [3] . The overall cellular energy balance controls the NAD+/NADH ratio [4] , which in turn regulates the activity of sirtuin enzymes in diseases of aging [5] .
The ketone body β-hydroxybutyrate (βOHB) is also more than just a metabolite. Long viewed as a simple carrier of energy from the liver to peripheral tissues during prolonged fasting or exercise, βOHB also possesses a variety of signaling functions that might provide for broad regulation of cellular functions with implications for metabolic disease and diabetes. Perhaps most intriguing is that βOHB is an endogenous inhibitor of HDACs [3] , joining a small but growing list of metabolic intermediaries that affect gene expression via chromatin modifications [6] . Here, we review the signaling functions of βOHB as an HDAC inhibitor and as ligand for cell surface receptors, as well as the indirect effects of βOHB metabolism on other metabolites with signaling functions including acetyl-CoA, succinylCoA and NAD+. This ketone body may have a broad regulatory role in metabolic disease through alterations in histone acetylation and gene expression, post-translational protein function, and cell surface receptor activation.
Metabolism, regulation and function of ketone bodies
Ketone bodies are small lipid-derived molecules that serve as a circulating energy source for tissues in times of fasting or prolonged exercise [7] . Produced in the liver from fatty acids mobilized from adipocytes, they are distributed via the circulation to metabolically active tissues, such as muscle or brain, where they are converted to acetyl-CoA [7] . In humans, basal serum levels of βOHB are in the low micromolar range, but can reach 1-2 mM after 2 days of fasting [8, 9] , and over 2 mM with a ketogenic diet that is almost devoid of carbohydrates [10] . The pathways of synthesis and metabolism of ketone bodies are reviewed in [11] .
Synthesis of ketone bodies in the liver is controlled by at least two hormone-and nutrientresponsive pathways that regulate transcription of the rate-limiting enzyme, mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase 2 (HMGCS2) [12] . First, insulin and glucagon opposingly regulate acetylation of the forkhead box transcription factor FOXA2. insulin signaling leads to inactivation of FOXA2 via phosphorylation and nuclear export [13] , while glucagon activates FOXA2 via p300 acetylation [14] , after which FOXA2 binds to the HMGCS2 promoter and activates transcription [15] . FOXA2 deacetylation is controlled by the NAD-dependent enzyme SIRT1, working in cooperation with class I or II HDACs [14] . Second, HMGCS2 transcription is negatively regulated by mTORC1, one of the human target of rapamycin (TOR) complexes that is activated by insulin signaling or abundant glucose (via AMPK) or amino acids (via Rag) [16] . The mTORC1 complex suppresses PPARα [17] , and in turn PPARα is required to induce FGF21 [18] in order to activate ketogenesis. Therefore, inhibition of mTOR can promote ketogenesis. The activity of HMGCS2 is also post-translationally regulated by succinylation [19] and acetylation [20] . Interestingly, many of the enzymes involved in the generation of ketone bodies from lipids are both acetylated and succinylated, and are targets for removal of these nutrient-sensitive modifications by the mitochondrial NAD-dependent deacylases SIRT3 [21] and SIRT5 [22] .
The post-translational regulation of mitochondrial enzymes by acyl-CoA derived lysine acylations remains an active area of investigation.
Signaling functions of βOHB
The ketone body βOHB is increasingly understood to have a broad range of signaling and regulatory effects, both through a growing panoply of its own actions as well as through the knock-on effects of its metabolism in target tissues. On its own account, βOHB is an endogenous inhibitor of many protein deacetylases, and a ligand for at least two cell surface receptors. In addition, metabolism of βOHB in target tissues can alter the intracellular balance of acetyl-CoA, succinyl-CoA, and NAD, all of which have their own emerging regulatory functions.
βOHB binds to and inhibits class I HDACs βOHB was recently found to be an endogenous inhibitor of histone deacetylaes (HDACs) [23] . HDACs are a family of proteins that broadly regulate gene expression and may have specific roles in glucose metabolism and diabetes. Histone hyperacetylation is generally associated with activation of gene expression, and so deacetylation of lysine residues on histones by HDACs often suppresses transcription (reviewed in [24] [25] [26] ). Inhibition of HDACs therefore usually activates gene expression. Although histones were the first known deacetylation targets, many non-histone proteins are also subject to HDAC-mediated deacetylation [27] , such as FOXA2 above. HDACs are grouped into four classes; βOHB is so far known to inhibit classes I and IIa. Class I HDACs (e.g., HDACs 1, 2, 3 and 8) are small nuclear proteins that are usually found in multi-protein complexes; Class IIa HDACs (e.g., HDAC4, 5, 7 and 9) are larger proteins with extensive regulatory domains in their Nterminus, that shuttle between the nucleus and cytoplasm. Class IIb HDACs are cytoplasmic proteins, of which the best understood is HDAC6, the tubulin deacetylase. Class IV includes only one poorly understood HDAC. Class III HDACs, the sirtuins, are a structurally distinct group of NAD-dependent deacylases which βOHB is not known to directly regulate. [24] .
βOHB inhibits HDACs 1, 3 and 4 (class I and IIa) in vitro with an IC 50 of 2-5 mM, suggesting that significant HDAC inhibition occurs even at the 1-2 mM serum concentrations that can be reached with fasting or ketogenic diet. Treating cultured cells with βOHB induces dose-dependent histone hyperacetylation, as does infusing βOHB into mice via osmotic pump. Interestingly, the histone hyperacetylation seen in mouse tissues with βOHB treatment is similar to that seen after fasting or with calorie restriction. Consistent with HDAC inhibition, βOHB induces specific changes in gene expression, including induction of forkhead box O3 (Foxo3), the mammalian ortholog of the stressresponsive transcriptional factor DAF16 that regulates lifespan in worms [28] . Induction of Foxo3 appears to be a direct effect of HDAC inhibition, as HDAC1 and HDAC2 are found on its promoter, knockdown of both relieves the HDAC mediated Foxo3 repression, and βOHB causes hyperacetylation of histones at the Foxo3 promoter that results in increased Foxo3 expression [3] . Newman 
Consequences of βOHB HDAC inhibition
HDAC inhibition by βOHB might affect the pathogenesis of type 2 diabetes in at least two ways: through direct regulation of HDAC-dependent glucose metabolism, and by promoting resistance to oxidative stress. Studies in knockout mice have shown that class I HDACs have a key role in regulating metabolic disease. HDAC3 regulates expression of gluconeogenic genes [29] and HDAC3 knockout mice have reduced fasting glucose and insulin levels [30] [31] [32] . In fact, chronic treatment with butyrate, a broad HDAC inhibitor that might be expected to phenocopy loss of function of HDAC3, keeps mice essentially metabolically normal on a high-fat diet [33] . Butyrate treatment is associated with lower glucose and insulin levels, better glucose tolerance, prevention of weight gain, and improved respiratory efficiency; butyrate also provides some of these benefits even to mice already obese from being fed a high-fat diet [33] . Similarly, the class I HDAC inhibitor SAHA (but not a class II HDAC inhibitor) increases mitochondrial biogenesis, improves insulin sensitivity, and increases metabolic rate and oxidative metabolism in a mouse diabetes model [34] . The mechanism for these metabolic benefits of class I HDAC inhibition may be up-regulation of PGC1α in in a variety of tissues by relief of HDAC3-mediated transcriptional repression [33, 34] . Transcription of FGF21 is similarly up-regulated via butyrate inhibition of HDAC3, activating ketogenesis in obese mice [35] . Several single nucleotide polymorphisms in HDAC3 have been associated with an elevated risk of type 2 diabetes in a Chinese population [36] . βOHB may have similar effects on mitochondrial function, glucose homeostasis, and obesity through endogenous inhibition of HDAC3. Effects of the other class I HDACs on metabolic or metabolic disease have not been systematically studied, but it is notable that HDAC2 knockout mice are 25% smaller than normal, with impaired IGF-1 signaling [37] .
The microvascular and macrovascular complications of type 2 diabetes, such as cardiovascular disease, are thought to be due in part to increased oxidative stress brought on through several pathways including polyols, protein kinase C, hexoasamine, and advanced glycosylation end products [38] . In this context, the emerging role of βOHB in suppression of oxidative stress may be relevant to the management of diabetic complications. As described above, βOHB activates transcription of FOXO3 and downstream antioxidant gene via HDAC inhibition, and this is associated with protection of the mouse kidney from oxidative damage [3] . Other studies have previously suggested a role for both βOHB and HDAC inhibitors in protection from oxidative or ischemic stress. Perhaps most relevant to diabetic complications, long-term treatment with an HDAC inhibitor attenuates kidney injury in a mouse model of diabetic nephropathy, probably though transcriptional regulation of endothelial nitric oxide synthase [39] . The relevant class I HDAC may be HDAC2, whose activity is aberrantly increased in the diabetic mouse kidney by oxidative stress through TGFβ [40] . Interestingly, this is similar to the role of aberrant HDAC2 activation in neurodegenerative disease [41] . Butyrate, another HDAC inhibitor, has broad cytoprotective effects including improving overall survival in a rat sepsis model [42] , and reducing lung injury after lipopolysaccharide infusion in mice [43] . βOHB protects cultured neurons from hypoxic or hypoglycemic insults [44, 45] , as well as from oxidative stress from hydrogen peroxide [46] . In animals, βOHB reduces anoxic lung injury [47, 48] , as well as ischemic myocardial damage [49] ; a ketogenic diet is also protective from ischemic neuronal death [50, 51] . Induction of protective genes via HDAC inhibition may be the mechanism by which βOHB exerts a protective antioxidant effect under these stresses.
The functional consequences to the cell and organism of HDAC inhibition by βOHB are only just beginning to be cataloged. Given the widespread nature of gene regulation by HDACs, and the important role of HDACs in regulating dynamic changes of gene expression in response to stimuli, we may have only scratched the surface of the clinical and pathophysiological consequences of this signaling function of βOHB.
βOHB receptors
Many G-protein coupled receptors (GPCRs) bind to fatty acid ligands, and have important roles in metabolism and metabolic disease [52, 53] . At least two GPCRs that bind shortchain fatty acids also bind βOHB. HCAR2 (also known as HCA2, PUMA-G, or Gpr109), is a G i/o -coupled GPCR that was first identified as a nicotinic acid receptor [54] . Recently HCAR2 was shown to bind and be activated by βOHB [55] . HCAR2 activation by βOHB (or other ligands) reduces lipolysis in adipocytes [55, 56] . For βOHB, this might perhaps represent a feedback mechanism to regulate availability of the fatty acid precursors of ketone body metabolism. However, elevated free fatty acids in plasma from dysregulated adipocytes are thought to contribute to insulin resistance through a variety of mechanisms including proinflammatory cytokines, oxidative stress, and ER stress [57] . Pharmacological agonists of HCAR2 reduce both plasma free fatty acids and plasma glucose in humans with type 2 diabetes [58] . HCAR2 also mediates the antiatherosclerotic effects of nicotinic acid in mouse models [59] , probably through modulation of macrophage function [60] . Thus, activation of HCAR2 by βOHB may contribute to improved glucose control as well as ameliorating some of the macrovascular complications of type 2 diabetes.
βOHB is also a ligand for the free fatty acid receptor 3 (FFAR3, also known as GPR41).
FFAR3 is another G i/o -protein coupled receptor that is highly expressed in sympathetic ganglions. FFAR3 knockout mice have reduced basal oxygen consumption and body temperature, but are then insensitive to the usual further sympathetic depression seen during prolonged fasting [61] . Antagonism of FFAR3 by βOHB suppresses sympathetic tone and heart rate, and may be responsible for sympathetic depression during fasting [61] . However, an electrophysiological study in rats later reported that βOHB acts as an agonist of FFAR3 [62] . The physiological details of this adrenergic modulation by βOHB, and its effects on glucose homeostasis or cardiovascular disease, remain to be determined.
Regulatory activities of βOHB metabolites
βOHB is only one of a growing list of metabolic intermediaries that have direct regulatory roles, linking environmental factors such a nutrition to changes in cellular function such as epigenetic regulation of gene expression [63] . As another example, intake of threonine affects the levels of the methyl donor S-adenosylmethionine, which in turn promotes histone methylation [2] . Several elements of the metabolism of βOHB in peripheral tissues might themselves have broad regulatory functions: acetyl-CoA, succinyl-CoA, and NAD. The first step in βOHB utilization in peripheral tissues is its conversion to acetoacetate by mitochondrial β-hydroxybutyrate dehydrogenase (BDH1), which uses NAD as a cofactor and generates NADH. Next, acetoacetate is converted to acetoacetyl-CoA by succinyl-CoA: 3-ketoacid coenzyme A transferase (OXCT1, also known as SCOT), which uses succinylCoA as a CoA donor, releasing free succinate. Acetoacetyl-CoA is then split into two acetylCoA that are burned in the TCA cycle to generate ATP in peripheral tissues. Utilization of βOHB therefore might increases acetyl-CoA levels, decrease succinyl-CoA levels, and alter the NAD/NADH ratio in peripheral tissues such as muscle.
Increasing the intracellular pools of acetyl-CoA should indirectly increase protein acetylation. This effect is complementary to HDAC inhibition by βOHB, but may have broader effects in multiple cellular compartments. Increasing the acetyl-CoA substrate for both enzymatic and non-enzymatic protein acetylation should drive these reaction equilibria towards acetylation. This may particularly increase protein acetylation in mitochondria. For example, CR, fasting and high-fat diets, states associated with increased lipid utilization and therefore high acetyl-CoA throughput, all cause increased mitochondrial protein acetylation -even though neither acetyltransferases nor the HDACs that are inhibited by βOHB are known to enter mitochondria [64] . Acetylation -and deacetylation by SIRT3 -is very widespread in mitochondria {Rardin, 2013 #176} and regulates the function of several mitochondrial enzymes including HMGCS2 [20] and the long-chain acyl-CoA dehydrogenase (LCAD) [65] . Increased acetyl-CoA pools also affect nuclear protein acetylation. Mitochondrial acetylcarnitine is known to be a source of acetyl-CoA for histone acetylation [66] . Export of acetyl-CoA from the mitochondria is accomplished via a citrate shuttle mediated by citrate synthase inside mitochondria and ATP citrate lyase in the cytoplasm [67] . ATP citrate lyase is a key enzyme in fatty acid biosynthesis, but its role in facilitating acetyl-CoA export from mitochondria is also required for the increase in histone acetylation that occurs with growth factor stimulation [67] . An alternative pathway for acetyl-CoA export from mitochondria is via the enzymes carnitine acetyltransferase (CAT) and carnitine/acylcarnitine translocase [68] . Indeed, a muscle-specific knockout of CAT in mice compromises glucose tolerance and decreases metabolic flexibility [68] , demonstrating the importance of intracellular acetyl-CoA transport to overall metabolic health.
Consumption of succinyl-CoA by OXCT1 during utilization of βOHB in peripheral tissues may also have broad regulatory consequences on cellular metabolism. Lysine succinylation is very widespread in mitochondria [22] , and present across diverse organisms [69] . A substantial fraction of these succinylation sites are regulated by the mitochondrial desuccinylase, the sirtuin SIRT5 [22] . HMGCS2 has long known to be succinylated, a modification that reduces its activity [19] ; HMGCS2 activity in the liver is restored by desuccinylation by SIRT5. The mechanism of lysine succinylation is not clearly understood; an enzymatic succinyl-transferase is not known to exist in mammalian cells, and as both liver succinyl-CoA abundance and succinylation of HMGCS2 are reduced after treatment of rats with glucagon [19, 70] , it is possible that succinylation is primarily a non-enzymatic process dependent upon local concentrations of succinyl-CoA. HMGCS2 is not expressed in peripheral tissues, which do not engage in ketogenesis in any event; but the enzymes in many key mitochondrial pathways are heavily succinylated and regulated by SIRT5, including fatty acid oxidation, branched-chain amino acid catabolism, and the TCA cycle. By analogy with acetylation (and the effect of succinylation on HMGCS2), these pathways may be activated by a reduction in succinylation. Consumption of succinyl-CoA during βOHB utilization and consequent reduction in mitochondrial protein succinylation may therefore regulate many of these crucial mitochondrial pathways in peripheral tissues.
Cellular NAD balance is emerging as a crucial mediator of metabolic disease and aging [71] . NAD utilization by βOHB differs from that of glucose in two important respects. First, βOHB consumes fewer NAD+ per acetyl-CoA produced. Metabolism of one molecule of glucose to two molecules of acetyl-CoA involves conversion of four molecules of NAD+ into NADH. Two of these are converted in the cytosol during glycolysis, and two in the mitochondrion by pyruvate decarboxylase. The cytosolic NADH are shuttled into mitochondria, potentially leading to depletion of the cytoplasmic NAD pool with high glucose utilization. By contrast, metabolism of one βOHB molecule into the same two molecules of acetyl-CoA involves conversion of only two molecules of NAD+ into NADH, both in the mitochondrion by BDH1 and thereby preserving the cytoplasmic NAD pool [7] . The cytoplasmic and mitochondrial NAD pools are relatively distinct, so the preservation of cytoplasmic NAD+ by βOHB may have important cellular effects. NAD+ is a cofactor for sirtuin deacylases (such as nuclear/cytoplasmic SIRT1) as well as poly-ADP-ribose polymerase (PARP) [71] . Consumption of NAD+ by PARP or overproduction of NADH may promote age-related diseases by inhibiting the activity of sirtuins [5] . Conversely, repletion of NAD+ by exogenous feeding with nicotinadmide mononucleotide improves glucose tolerance in both high-fat diet-fed and aged mice [72] . The relative sparing of NAD + by utilization of βOHB vis a vis glucose may therefore have important consequences for metabolic diseases and diabetes.
βOHB and carbohydrate-restricted diets
Energy-restricted metabolic states, such as CR or intermittent fasting, have metabolic health benefits in mammals [73] . These states are almost inextricably associated with elevations in ketone bodies, whether consistent and modest as in CR or periodic and substantial as in intermittent fasting. Interestingly, the metabolic benefits are not necessarily associated with reduced caloric intake; for example, mice fed only during 8 hours at night are resistant to diet-induced obesity [74] despite identical caloric intake to controls. This suggests that some of the various effects of fasting or CR are regulated by specific elements of the fasting state, perhaps including βOHB. Ketogenic diets that are very low in carbohydrate content are one means of delivering βOHB without fasting, and have been used for decades as a clinical therapy for intractable epilepsies [75] . There is increasing interest in the possible use of therapeutic ketogenic diets in adult type 2 diabetes as well [76] .
Much of our understanding of the biological effects of ketogenic diets come from studies in rodents. Ketogenic diets are a high-fat, high-energy state and so some of their effects on metabolism similar to a typical high-fat or Western diet. Lean mice started on a ketogenic diet show increased fasting leptin [77] , and hyperglycemia with insulin resistance, although basal insulin levels are lower [77] [78] [79] [80] [81] . Ketogenic diets promote liver endoplasmic reticulum (ER) stress, similar to that seen in diabetic mice [81] . There is strong induction of hepatic genes involved in fatty acid oxidation, including acyl coA dehydrogenases and trifunctional enzyme components [81] [82] [83] . However, the ketogenic diet is unusual in that it simultaneously activates "fasting" pathways as well. For example, ketogenic diets suppress liver expression of fatty acid synthesis enzymes including stearoyl-CoA desaturase-1 [82, 83] , whose induction by a high fat diet is important for development of metabolic syndrome [84] . Instead, the "fasting regulator" genes PPARα and FGF21 [81, 83, 85] are strongly induced, as is peroxisome proliferator-activated receptor gamma co-activator 1-alpha (PGC1α), a master regulator of mitochondrial function [85, 86] . In addition, ketogenic diets are associated with low insulin levels [77] [78] [79] [80] [81] , reduced IGF signaling [87] [88] [89] and Foxo3 induction [3] , AMP-activated protein kinase (AMPK) activation [82, 89] , mTOR repression [89] , and induction of antioxidant genes [3] . Perhaps as a net result of these effects, obese or diabetic mice show improved glucose tolerance and insulin sensitivity on ketogenic diets [46, 83, 87] , along with reversal of diabetic nephropathy [46] .
There is limited data to date on the use of ketogenic diets in adult humans for treatment of obesity or diabetes, and these diets should only be used under physician supervision or in the context of a clinical trial. But such data as so far exists suggests that very-low carbohydrate and ketogenic diets may provide disproportionate benefit in weight loss and improved insulin resistance [90] [91] [92] . For example, intermittent severe energy restriction, presumably ketogenic, is more effective than daily energy restriction at improving insulin sensitivity and promoting weight loss [93] and a recent clinical trial of a ketogenic diet found that obese humans with diabetes lost more weight with greater improvement in glucose control than a lower-calorie low-fat diet [94] . Nonetheless, these dramatic dietary interventions are not without side effects [95] , and their efficacy should spur greater efforts to understand the molecular mechanisms of their effects.
Concluding Remarks and Future Perspectives
Ketone bodies are emerging as crucial regulators of metabolic health. More than just a metabolite, the ketone body βOHB can regulate cellular processes directly via HDAC inhibition and binding to cell surface receptors, and indirectly by altering the levels of other regulatory metabolites including acetyl-CoA, succinyl-CoA, and NAD+. The ability of βOHB to regulate HDAC activity and thereby epigenetic gene regulation is particularly notable for potentially implicating a wide variety of genes as regulatory targets of βOHB. βOHB is already known to induce resistance to oxidative stress via HDAC inhibition, and other HDAC inhibitors regulate gluconeogenesis. The unique effects of βOHB may help explain the therapeutic benefit of low-carbohydrate and ketogenic diets. However, teasing apart the specific role of βOHB in the effects of a ketogenic diet is a challenging task. Ketogenic diets inextricable combine reduced carbohydrate consumption, reduced glucose utilization, reliance on beta-oxidation of lipids for energy, reduced insulin signaling, and increased glucagon signaling, along with increased ketone body levels [10] . New experimental tools are required to permit the safe manipulation of βOHB levels outside of the confines of a ketogenic diet in order to understand the full spectrum of action of βOHB in amelioration of metabolic disease. βOHB itself is an endogenous inhibitor of histone deacetylase enzymes, thereby altering gene expression to regulate resistance to oxidative stress and possibly many other cellular functions. βOHB is also a ligand for at least two cell-surface G-protein-coupled receptors that modulate lipolysis, sympathetic tone, and metabolic rate. Metabolism of βOHB increases cellular levels of acetyl-CoA and reduces levels of succinylCoA and NAD+. These secondary effects can further increase mitochondrial protein acetylation and reduce mitochondrial protein succinylation, potentially regulating the function of many metabolic enzymes. The relative sparing of cytoplasmic NAD levels with utilization of BOHB rather than glucose can alter the activity of NAD-dependent enzymes such as sirtuins. Finally, acetyl-CoA generated in mitochondria can be transported into the nucleus via the citrate shuttle to serve as substrate for histone acetyltransferases, a secondary mechanism by which BOHB might increase histone acetylation and alter gene expression.
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